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NaCoO2O3-type NaFeO2 is a promising candidate as positive electrode materials for rechargeable Na batteries. How-
ever, its reversible range of sodium extraction is relatively narrow (x = ca. 0.4 in Na1 − xFeO2) because of the
irreversible structural change, presumably associated with the iron migration into the adjacent tetrahedral
sites in Na layers as we recently reported. Herein, we report that cobalt-substituted NaFeO2 demonstrates
excellent electrode performance in a non-aqueous Na cell at room temperature. NaFe0.5Co0.5O2 delivers
approximately 160 mAh g−1 of reversible capacity with relatively good capacity retention and excellent
rate-capability in a voltage range of 2.5–4.0 V, resulting in reversible formation of Na0.3Fe0.5Co0.5O2. The
partial substitution of metal element for Fe in O3-type NaFeO2-based materials is proved to be the important
strategy to suppress the irreversible phase transition, and thus improving the reversibility of sodium removal/
insertion as the electrode materials.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license. 1. Introduction
Research interests in rechargeable Na(-ion) batteries operable at
room temperature are renewed as a promising system for large-
scale energy storage devices in 2010s [1–3]. Layered NaxMeO2
(Me = metal(s)) materials have been intensively studied as elec-
trode materials for the batteries. On the basis of the material abun-
dance in the Earth's crust, layered (alpha-type) NaFeO2, of which
layer structure is also classiﬁed as “O3-type” following the Delmas'
notation [4], is of the most interest from a perspective on both
gravimetric and volumetric speciﬁc capacity as positive electrode
materials for the Na batteries. Indeed, as reported by Okada and
coworkers, layeredNaFeO2 is electrochemically active asNa intercalation
host [5], whereas a lithium counterpart, layered LiFeO2, is known to be
electrochemically inactive [6]. A Na//NaFeO2 cell shows a ﬂat operating
voltage proﬁle at 3.3 V vs. Nametal associatedwith Fe3+/Fe4+ redox [5].
Recently, we revisited the layered NaFeO2 system and a systematic
study was conducted to examine the electrode performance by chang-
ing the cut-off voltage in Na cells [7].When the cut-off voltage is limited
to 3.4 V in the sodium cells, NaFeO2 shows relatively good capacity
retention with 80 mAh g−1 of reversible capacity. The electrode
reversibility is, however, signiﬁcantly deteriorated by extending higherChemistry, Tokyo University
an. Tel./fax: +81 3 5228 8749.
a).
.V. Open access under CC BY license. voltage above 3.5 V. Ex-situ X-ray diffraction (XRD) study revealed an
irreversible structure transition, presumably associated with partial
migration of iron into adjacent and vacant tetrahedral sites created in
Na layer by Na extraction, and thus the loss of Na conduction path.
This result is also consistent with a recent publication of ﬁrst principle
calculation in a series of sodium layered oxides [8]. It has been sug-
gested that the iron migration was energetically possible after the 50%
of sodium extraction.
In this paper, we report synthesis and remarkable electrode perfor-
mance of highly-dense NaFe0.5Co0.5O2 powder, as O3-type NaFeO2-
based positive electrode materials for the application of rechargeable
Na-ion batteries. The ﬁnding shown in this article will further extend
and accelerate the development of NaFeO2-based electrode materials
for Na-ion batteries. We demonstrate that the iron migration in
O3–NaFeO2 is effectively suppressed by metal substitution for iron,
therefore, sodium insertion/extraction reversibility and capacity of
O3-type NaFe0.5Co0.5O2 are surprisingly higher than those of NaCoO2
and NaFeO2 with enhanced capacity retention and rate capability.
2. Experimental
NaFe0.5Co0.5O2 was prepared by heat-treatment of a mixture of
Na2CO3, Fe3O4, and Co3O4. The mixture was heated at 900 °C for 12 h
in air. The sample was taken out from the furnace without cooling pro-
cess inside the furnace, and then immediately transferred into an
argon-ﬁlled glove box. The sample cooled to room temperature in the
glove box and was kept inside to avoid the contact withmoisture in air.
A synchrotron X-ray diffraction pattern of as-prepared NaFe0.5
Co0.5O2 was collected at beam line BL02B2, SPring-8 in Japan, equipped
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X-ray beam was set to 0.5 Å using a silicon monochromator, which
was calibrated to 0.501 Å with a CeO2 standard. Structural analysis by
the Rietveld method was carried out using RIETAN-FP [10]. The
morphological features of the sample were observed by using a ﬁeld
emission scanning electron microscope (SUPRA40, Carl Zeiss AG).
Coin-type cells (R2032 type) were assembled to evaluate the elec-
trode performance of NaFe1 − yCoyO2. Positive electrodes consisted of
80 wt.% prepared materials, 10 wt.% acetylene black, and 10 wt.%
poly(vinylidene ﬂuoride), which were mixed with N-methylpyrrolidone
and pasted on Al foil, and then dried at 80 °C in vacuum. Metallic sodium
disk is used as a negative electrode. Electrolyte solution used was
1.0 mol dm−3 NaClO4 dissolved in propylene carbonate (Kishida
Chemical Co., Japan) with 2 vol.% of ﬂuoroethylene carbonate (FEC) as
an electrolyte additive [1]. A glass ﬁber ﬁlter (GB-100R, ADVANTEC Co.)
was used as a separator.
3. Results and discussion
Fig. 1 shows a result of Rietveld analysis on a synchrotron X-ray dif-
fraction (SXRD) pattern. A schematic illustration of structure model
and SEM images of as-prepared NaFe0.5Co0.5O2 are also shown in
Fig. 1. All of Bragg diffraction lines are nicely reﬁned to the O3-type5 10 15 2
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Fig. 1. A result of Rietveld analysis on the SXRD pattern of O3–NaFe0.5Co0.5O2. A schematic ill
[17] is also shown (inset; oxide ions with different positions in a–b planes are denoted as
(bottom).layered oxide (S.G.: R-3m)without any diffraction lines from impurity
phases. The reﬁned structural parameters are summarized in Table 1.
Both Rwp and RB factors, which are the criteria of ﬁt, are reasonably
small, indicating that the O3-type layered phase is the appropriate
structural model for NaFe0.5Co0.5O2. Transition metals (Fe/Co) and
Na are accommodated at the two distinct octahedral sites (3a and 3b
sites, respectively) in the distorted cubic-close-packed oxygen array.
Interatomic distances of (Fe/Co)–O and Na–O were calculated to be
1.99 and 2.36 Å on average, respectively. These values are consistent
with the estimated values from the Shannon's ionic radii; 1.995 Å as
the average between high-spin Fe3+–O (2.045 Å) and low-spin
Co3+–O (1.945 Å), and 2.42 Å for Na–O at the octahedral environ-
ment, indicating that NaFe0.5Co0.5O2 is a member of solid solution
between O3–NaFeO2 and O3–NaCoO2. From SEM image in Fig. 1, the
primary particle size of NaFe0.5Co0.5O2 is found to be ~5 μmwith high-
ly dense morphology which is beneﬁcial to make composite electrode
with high density.
Initial charge/discharge curves of a Na//NaFe0.5Co0.5O2 cell are
shown in Fig. 2a with NaFeO2 and NaCoO2 for comparison. When
cut-off voltage is limited to 3.5 V, NaFeO2 electrode shows approxi-
mately 100 mAh g−1 of reversible capacity with nearly 3.3 V ﬂat
voltage proﬁle. Detrimental structural damage of alpha-NaFeO2 struc-
ture, presumably because of the irreversible Fe migration into Na0 25 30 35
 0.5 )
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ustration of the crystal structure for O3–NaFe0.5Co0.5O2 drawn using the program VESTA
A, B, and C). Particle morphology was observed by SEM with different magniﬁcations
Table 1
Crystallographic parameters of O3-type NaFe0.5Co0.5O2 reﬁned by Rietveld analysis.
Space group: R-3m (hexagonal setting)
ahex. = 2.9505(2) Å, chex. = 15.917(1) Å
Rwp = 7.3%, RB = 4.0%.
Atom Wyckoff ga x y z Ba/Å2
Na 3b 1.0 0 0 0.5 0.7
Fe 3a 0.5 0 0 0 0.3
Co 3a 0.5 0 0 0
O 6c 1.0 0 0 0.2691(2) 0.5
Bond distance (Å)
Na–O 2.357 (×6)
Me–O 1.987 (×6)
a Not reﬁned.
62 H. Yoshida et al. / Electrochemistry Communications 34 (2013) 60–63layer, restricts the reversibility of NaFeO2 by charge above 3.5 V [7]. In
contrast, NaCoO2 shows >140 mAh g−1 of discharge capacity in the
voltage range between 2.5 and 4.0 V with step-wise voltage proﬁle
which is attributed to multiple and reversible phase transitions0
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Fig. 2. (a) Charge/discharge curves of NaFeO2, NaFe0.5Co0.5O2, and NaCoO2 in Na cells at a
rate of 12 mA g−1. The changes in the discharge capacity for 50 cycles are shown in (b).associated with CoO2 slab gliding and in-plane vacancy-Na ordering
[11]. Although NaFe0.5Co0.5O2 is regarded as an intermediate solid
solution between NaFeO2 and NaCoO2, NaFe0.5Co0.5O2 surprisingly
delivers highest reversible capacity of about 160 mAh g−1 among
the three samples. It is noted that average operating voltage of
NaFe0.5Co0.5O2 (3.14 V) in Na cell is higher than 2.96 V for NaCoO2.
NaFe0.5Co0.5O2 and NaCoO2 show relatively good capacity retention
as shown in Fig. 2b. Discharge capacity is, however, reduced to
approximately 85% after the ﬁfty-cycle test. The loss of reversible
capacity is expected to be the degradation of electrolyte solution,
especially in relation to the non-passivated surface of metallic sodium
as a counter electrode [1]. In NaFe1 − yCoyO2 system, large initial
capacity of approximately 160 mAh g−1 is observed for NaFe0.4Co0.6O2
and NaFe0.6Co0.4O2 similar to NaFe0.5Co0.5O2. However, it is found that
NaFe0.5Co0.5O2 and NaFe0.4Co0.6O2 shows better capacity retention
than NaFe0.6Co0.4O2. Therefore, NaFe0.5Co0.5O2 is expected to be the
optimum composition in the NaFe1 − yCoyO2 system.
Rate capability of the Na//NaFe0.5Co0.5O2 cell at rates of C/20
(12.1 mA g−1)–30C (7.23 A g−1) is examined as shown in Fig. 3.
The C-rate is deﬁned based on theoretical capacity calculated from
(Fe,Co)3+/4+ redox, which is equal to 241 mAh g−1. The cell delivers
large reversible capacity (>90% of C/20 rate) with small polarization
even at 1C rate (241 mA g−1). It is noteworthy to emphasize that the
micrometer-sized NaFe0.5Co0.5O2 delivers >100 mAh g−1 of dis-
charge capacity even at 30C rate (7.23 A g−1). According to our
knowledge, NaxFe0.5Co0.5O2 is one of the highest power positive elec-
trode materials among layered NaxMeO2 materials [3,12–14]. Clearly,
the rate-capability is highly improved compared with both NaFeO2
(Fig. 3a) and NaCoO2 (Fig. 3c). The rate capability of NaFe0.5Co0.5O2
is surprisingly much better than that of NaCoO2. From a stepwise
voltage proﬁle observed for NaxCoO2, limited rate capability is
expected because of the phase boundary movement for two-phase
regions and the tendency to Na/vacancy ordering (presumably
coupled with charge ordering). Although some voltage plateaus are
still observed for NaFe0.5Co0.5O2, our in-situ XRD study revealed that
a two phase region for NaFe0.5Co0.5O2 existed only at the beginning
of charge process as O3–P3 phase transition [15]. We propose that ex-
cellent rate capability originates from the difference in phase transi-
tion behavior and faster sodium diffusivity in the P3 phase. These
results will be reported elsewhere in the future. From these results,
it is concluded that the cobalt-substitution for Fe in NaFeO2 is effec-
tive to much improve its reversibility of sodium insertion and extrac-
tion as electrode materials.
Similar to Co, Ni/Mn substitution for Fe is the effective method to
extend the reversibility limit of O3–NaFeO2 [12]. Common characters
between NaCoO2 and NaNi0.5Mn0.5O2 are O3–P3 phase transition
during the Na extraction process [15,16], which will be reported in
elsewhere for more details. Additionally, such iron migration process
is not observed in P2-type Nax(Fe1/2Mn1/2)O2 [14], which is a layered
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Fig. 3. Rate-capability of (a) NaFeO2 [12], (b) NaFe0.5Co0.5O2, and (c) NaCoO2 in Na
cells. The cells were charged to 4.0 V at a rate of 12 mA g−1 and then discharged at dif-
ferent rates; 1/20 (12 mA g−1)–30C (7260 mA g−1). The sample loading on Al foil was
(a) 1.3 (b) 2.4, and (c) 2.2 mg cm−2 as the active material.
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ions are not stabilized by the migration from the original octahedral
sites to large prismatic sites in the P3- and P2-phases, resulting in
suppression of the migration. We conclude that the suppression ofiron migration through these methodologies allows us to design
innovative electrode materials based on sodium and iron that are the
most Earth-abundant alkali–metal and transition–metal elements,
respectively, in the future.
4. Conclusions
Single phase and well-crystallized O3-type NaFe0.5Co0.5O2 is
prepared by a solid-state method, and its electrode performance is
compared in Na cells with NaFeO2 and NaCoO2. Available energy
density is estimated to be 510 mWh g−1 based on metallic sodium
as positive electrode materials for rechargeable Na batteries. NaFe0.5
Co0.5O2 shows excellent rate-capability with small polarization;
more than 75% of discharge capacity even at 10C rate. Note that utili-
zation of cobalt must be minimized for large-scale energy storage
devices because cobalt is not an abundant element. The most impor-
tant ﬁnding of our article is that large reversible capacity and excel-
lent rate-capability, which are clearly better than those of NaCoO2,
are achieved on the basis of NaFeO2-derived sodium insertion mate-
rials. Further optimization study could allow us to design positive
electrodematerials, similar to O3-type NaFe0.5Co0.5O2, based on abun-
dant elements with much less cobalt contents.
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